Abstract: Bottom-blowing, as widely adopted in electric arc furnace (EAF) steelmaking technology, stir the molten bath by blowing inert gas (Ar, N2) from the bottom of EAF to promote fluid flow and uneven metallurgical reaction in the molten bath. However, for eccentric structure design of electric arc furnace, the problem still exists in EBT（Eccentric Bottom Tapping）area. In this study, by the analysis of previous research of molten bath at different bottom-blowing gas flow rates, it is found that the dead zone mainly appears in the region of the EBT area. So the ways that increase bottom-blowing flow in the EBT area to reduce the dead zone area have been proposed. A computational fluid dynamics model was established to investigate the effects of bottom-blowing gas flow rate in EBT area on the fluid flow characteristics in the EAF molten bath. Increasing bottom-blowing flow in the EBT area can more effectively improve molten steel flow and reduce the dead zone area. Based on industrial application research, the dynamic conditions of steelmaking process is improved with bottom-blowing by increasing flow in EBT area, the lime consumption, steel consumption and tap-to-tap time are reduced, the contents of FeO and endpoint carbon-oxygen equilibrium is reduced, and the yield of Si, Mn and Al is increased before the refining process.
Introduction
The main function of traditional electric arc furnace (EAF) steelmaking process is melting scrap and heating [1] [2] [3] [4] . With the development of continuous casting and refining technology, the raw material prices and power consumption, most of the EAF charging hot metal instead of scrap.
As EAF charging carbon content increased, decarburization task increase in EAF steelmaking. It needs to improve the electric arc furnace steel fluid flow to meet the requirements of decarburization kinetics.
In the modern EAF steelmaking process, the bottom-blowing technique for EAF steelmaking process was proposed to promote the molten bath fluid flow, accelerate the metallurgical reaction, and improve the quality of molten steel.
EAF bottom-blowing process [5] is blowing inert gas (Ar, N2) from the bottom of EAF. By inert gas mixing of molten steel in the furnace, increasing the electric arc furnace in steel liquefied learn composition and temperature of molten pool even. The process that stir molten steel in furnace by inert gas not only can accelerate the liquid steel composition and temperature uniform, but also can improve reaction rate between the slag and steel in molten bath.
Bottom-blowing technology in EAF steelmaking has been widely studied by numerical simulations [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Caffery [6] developed a numerical model to describe the heat transfer in the molten bath and reported that bottom bubbles system was useful for promoting the bath temperature homogeneity. Ramirez [7] developed a numerical model of a DC electric arc furnace with bottom-blowing to describe the fluid flow phenomena in the molten bath. Liu [8] determined the optimum bottom-blowing arrangement with developing a three-dimensional numerical model by the volume of fluid approach. Li [9] found that with the bottom-blowing nozzles moving off-center, the angular velocities were increased, and the stirring efficiency was improved significantly. Wei [10] reported bottom-blowing technology demonstrates obvious advantages in promoting the heat transfer and metallurgical reactions in the molten bath. Sarma, Morshed, and Arzpeyma studied stirring and fluid flow in molten bath by numerical simulations [11] [12] [13] [14] .
Several researchers have reported the industrial application effects about Bottom-blowing technology [15] [16] [17] .
Schade [15] compared the major effects of bottom-blowing with traditional melting conditions without bottom-blowing in Lukens steel company. Cipolla [16] introduced the experience of inert gas stirring in the EAF. Dong [17] considered that bottom-blowing could play an important role in energy saving and consumption reduces through its application in a consteel EAF. Ma [5] considered that the industrial application of the combined blowing technology in a number of steel plants indicates that the combined blowing technology of EAF can effectively improve the pool stirring strength and reaction dynamics condition of the molten pool, and optimise production.
However, the effects of bottom-blowing gas flow rate on fluid flow in EBT area with bottom-blowing in EAF steelmaking have not been reported systemically. In this paper, the objective of this study was to research on the molten bath of EBT area with bottom-blowing for a 100 t electrical arc furnace in EAF steelmaking process. The validity of the computational fluid dynamics (CFD) model was firstly examined. The CFD model was then used to investigate the fluid flow in the molten bath under different bottom-blowing gas flow rates. The velocity of molten bath was studied to analyze the stirring ability. Finally, based on the industrial application research, the effect of bottom-blowing such as material consumption, tap-to-tap time, and FeO in slag in EAF was studied.
Mathematical modeling and Governing Equations
In this paper, the volume of fluid (VOF) model was used in this simulation that was applied in the CFD model, and three-phase flow numerical simulation was built to investigate the effect of various flow rates of bottom-blowing gas in EAF steelmaking process.
The VOF method was first developed by Hirt and Nichols [18] and then was widely employed to simulate multiphase flows by investigators to describe the gas-liquid interface.
According to the knowledge of fluid mechanics, fluid flow is dominated by the law of physical conservation, the law of conservation of basic include: the law of mass conservation, the law of momentum conservation and the law of energy conservation. As the flow is in the turbulent state, the system also abides by the turbulent transport equation.
2.1.Mass model
Mass conservation equation, also known as continuity equation, any flow must satisfy the law of mass conservation equation [19] . The law can be expressed as follows: the increase of mass in the micro-body per unit time is equal to net mass that flows into micro-body. The mass equation is shown as equation (1).
Where ρ is the flow density, kg/m 3 ; V is the velocity vector, m/s.
2.2.Momentum model
The change of fluid momentum in cell body of per unit time is equal to the sum of forces that act on the cell body outside. The momentum equation is shown as equation (2).
Where q is the gas density, kg m3; v is the instantaneous velocity of fluid, m/s; t is time, s; p is static pressure, MPa; g is the volume force of gravity, N; and F is the other outside volume force, N.
2.3.Energy Modeling
The law of energy conservation that contains the flow of the heat exchange system must satisfy the basic law, whose essence is actually the first law of thermodynamics. The energy equation is shown as equation (3).
Ei--for each phase is based on the specific heat of the phase and the shared temperature.
eff K , q --The effective thermal conductivity.
Sh--The source term, contains contributions from radiation, as well as any other volumetric heat sources [20] .
2.4.Turbulence equations
Turbulence is very common in nature and engineering equipment flow type. The movement of the turbulent motion is characterized by fluid particle with constant random mixing each other of the phenomenon. Physical quantities such as velocity and pressure in the space and time are random pulse.
In this study, the standard k-e turbulence model was adopted. The turbulence kinetic energy k (m 2 /s 2 ) and dissipation rate e (m 2 /s 3 ) are, respectively, determined by the following transport equations (4).
q --the gas density, kg/m 3 ; t --time, s; vi --the flow velocity of fluid in the direction i, m/s; Gk --the turbulent kinetic energy generated by average velocity, J; Gb --the turbulent kinetic energy generated by buoyancy, J; YM --the turbulent dissipation rate generated by compressible turbulence pulsation; Sk, Se --custom sources.
2.5.Other equations
In VOF function, each phase has the volume fraction α. In this model of the computing area, the sum of the volume fraction of gas, slag, and liquid steel is 1(Equation.5). The variables and parameters in control volume were calculated by the volume average method using the volume fraction α, such as the density calculation formula. Therefore, the effective density mix ρ of the nitrogen-slag-molten metal (three-phase) system is shown as Equation (6) mix steel steel gas gas slag slag
The density of liquid steel, gas, and slag; mix ρ --The density of components
In the VOF model， the continuity equation is expressed as equations (7).
( )
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vi--the velocity components in the direction i,m/s; mij --the mass flowing from the i-th phase to the j-th phase, kg; mji --the mass flowing from the j-th phase to the i-th phase, kg; t --time, s; Sai --the custom source.
Modeling
The bottom-blowing arrangements and parameters of the EAF prototype are shown in both Figure 1 and Table 1 . The size of electric arc furnace in this paper is 100 t, and type and size of EAF is shown in table 1.Numerical simulation need to put the governing equations dispersed in space area, so the grid is used. The model grid number is 559524, the node number 540395, and grid model is shown in figure 2 .The main physical properties of the fluids used in the numerical simulation are shown in Table 2 . 
Results and Discussion

4.1.Analysis of Numerical Simulation
In this paper, the influence of bottom-blowing gas flow rate on the fluid flow in EAF molten bath was calculated through numerical simulation. The fluid flow characteristics of molten steel and the interaction among the bottom-blowing gas streams were analyzed as well.
4.1.1Previous research of molten bath at different bottom-blowing gas flow rates
As previous research for 75 t EAF [10] , with the bottom-blowing gas flow rates increasing, low flow velocity regions (Region A, B, C and D in Figure 3 ) reduce and the flow velocity of the molten bath gradually. The effect of bottom-blowing gas flow rate on the fluid flow in the EBT area is particularly noticeable. The flow velocity in the EBT area ranges from 0.0001 to 0.002m/s at Q = 50 L/min, while it is higher than 0.02m/s at Q = 200 L/min. The zone, where the fluid flow velocity of the molten steel is lower than 0.002 m/s, is defined as the dead zone.
It can be concluded that the molten bath average fluid flow velocity increases and the dead zone volume decreases with increasing bottom-blowing gas flow rate. The flow velocity in the EBT area ranges from 0.0001 to 0.002 m/s at Q = 50 L/min, while it is higher than 0.02 m/s at Q = 200 L/min. However, it is found that the dead zone mainly appears in the region of the EBT area. So the ways that increase bottom-blowing flow in the EBT to reduce the dead zone area need to be studied. Different schemes of bottom-blowing flow are shown in table 3.
Analysis of molten bath by increase bottom-blowing flow in the EBT
According to the figure 4 and figure 5, compared to increase flow of three holes, increasing flow in EBT area alone can achieves the purpose of improving the average molten steel flow and reducing dead area in molten bath. The average of molten steel flow for 100L/min bottom blowing flow, respectively is 0.00304m/s, 0.00284m/s and 0.00323m/s at 0.2m, 0.5m and 0.8m before the molten steel level; the average of molten steel flow for 150L/min bottom blowing flow, respectively is 0.00355m/s, 0.00353m/s and 0.00365m/s at 0.2m, 0.5m and 0.8m before the molten steel level; the average of molten steel flow for 200L/min bottom blowing flow, respectively is 0.00372m/s, 0.00357m/s and 0.00376m/s at 0.2m, 0.5m and 0.8m before the molten steel level. So the average of molten steel flow in the molten bath respectively is 0.00304m/s, 0.00358m/s and 0.00368m/s (Table 4) . Dead area respectively is 0.6610, 0.5152 and 0.4124 m 2 for the three EBT flow (Table 5) . Table 5 The dead area at different bottom-blowing gas flow rates by increasing flow in the EBT Items(m 2 ) Dead area 100-100-100 0.6610 100-100-150 0.5152 100-100-200 0.4124
The fluid flow characteristics in the molten bath can account for the specific phenomena, as Figure 6 shows. 
4.2.Effect of industrial application
In EAF steelmaking process, bottom-blowing stirring (Fig.7) in the molten bath is an important technical parameter and has a significant impact on steel flow speed, the dynamic conditions.
In order to study metallurgical effects and physicochemical behavior of the bottom-blowing in EAF steelmaking process, the same bottom-blowing arrangement was applied in a commercial 100t EAF. There were 120 heats collected in the industrial melting process, including 60 heats with (increase flow in EBT area) and without bottom-blowing arrangement, respectively. The relative industrial experiment results and analysis are discussed in detail in this section. 
Metallurgical indicators
Lime consumption, steel consumption and tap-to-tap time in EAF process is shown in Table 6 . Lime consumption is 49.1 kg/t with bottom-blowing, while these are 53.0 kg/t without bottom-blowing. Steel consumption is 1148.7 kg/t with bottom-blowing, while these are 1154.0 kg/t without bottom-blowing. Tap-to-tap time is 57.0 min with bottom-blowing, while these are 53.6 min without bottom-blowing. Lime consumption, steel consumption and tap-to-tap time respectively reduced 3.9 kg/t, 5.3 kg/t and 3.4 min. Bottom-blowing enhanced molten bath mixing, which improve dynamic conditions of steelmaking process.
The contact area of slag and molten steel is increased with bottom-blowing, leading to accelerate the dephosphorization reaction. Dephosphorization is mainly finished at the early stage.
According to the dephosphorization reaction (Equation.8 and Equation.9), 2 5 3CaO P O ⋅ and 2 5 4CaO P O ⋅ are generated by charging lime. The lime that is melting to contact with the molten steel can participate in the dephosphorization reaction. Bottom-blowing technology improves the speed of the lime melting, improves the utilization rate of lime by good stirring intensity, leading to reduce the consumption of lime.
Due to C-O reaction (Equation.10) is very strong in the steelmaking process, transfer of carbon in molten steel is limiting rings of decarburization reaction. Bottom-blowing improve flow of molten bath to speed up the carbon to the oxygen inject area in molten steel, leading to shorten the tap-to-tap time.
In the end stage of the smelting, high flow of molten steel can prevent the local peroxidation, leading to reduce consumption of steel material.
Endpoint slag composition
Slag-making directly influences the quality and production cost of the molten steel. Table 7 shows the slag composition data of some heats with and without bottom-blowing.
Summary of the three different situations (Without bottom-blowing, with bottom-blowing by same flow in EBT and with bottom-blowing by high flow in EBT) is shown in Table 8 . The contents of FeO in endpoint slag are shown in Table 7~ Table 8 . In endpoint slag, the content of FeO is 23.51% with bottom-blowing, while FeO is 31.59% without bottom-blowing.
According to previous research [10] , FeO is 25.24% with bottom-blowing by the same flow in EBT area. Summary of endpoint slag composition in EAF is shown in Table 9 .It is conclusion that increasing the flow of EBT reduces the content of FeO.
Bottom-blowing accelerates both the mass transfer of FeO from slag to slag-metal interface and the mass transfer of carbon from molten steel to slag-metal interface due to the enhanced molten bath mixing, which chemical reaction (11) was strengthened, leading to decrease FeO in the slag.
Meanwhile, the reaction area that is in contact with oxygen is very small. Therefore, at the end of smelting, carbon content become very low, and the carbon in molten steel in EBT area that is not flow into the reaction area in time, leading to a mass of Fe in molten steel will be oxidized to increased FeO content in slag (equation.12), resulting in steel consumption increased. 
Endpoint carbon-oxygen equilibrium
Another reflects of bottom-blowing stirring to improve dynamic effect is reducing endpoint carbon-oxygen equilibrium. Carbon-oxygen equilibrium is the product of oxygen and carbon content.
According to the equilibrium principle, there is chemical balance between carbon and oxygen in carbon-oxygen reaction, which is shown as Equation (13) .
The C f and O f are close to 1 as end [%C] in molten steel is very low, so the equation (13) can be converted to Equation (14) .
Carbon-oxygen equilibrium is related to temperature. Due to the electric arc furnace tapping temperature usually more stable, so carbon-oxygen equilibrium is stable in theory. However, for the actual production process, as the different smelting condition of metallurgy dynamics conditions, the actual carbon-oxygen equilibrium is different form the theoretical value. The smaller the carbon-oxygen equilibrium in molten steel, the better the dynamics conditions, and the easier the reaction reaches equilibrium.
The content of carbon and oxygen in EAF with and without bottom-blowing stirring process is shown in Figure 8 . Endpoint carbon-oxygen equilibrium is smaller with bottom-blowing.
The maximum and minimum of endpoint carbon-oxygen equilibrium, respectively is 0.0068 and 0.0024 without bottom-blowing. The maximum and minimum of endpoint carbon-oxygen equilibrium, respectively is 0.0041 and 0.0022 with bottom-blowing. The average endpoint carbon-oxygen equilibrium with bottom-blowing is 0.0031, while that is 0.0039 without bottom-blowing. Therefore, the average carbon-oxygen equilibrium of the endpoint molten steel is improved by 0.0008.Therefore, slag and molten steel thoroughly incorporated with bottom-blowing, which reduces the molten steel "peroxide" at the end of EAF steelmaking process. 
Alloying
Bottom-blowing technique improves the blending conditions of molten bath, leading to reduce the oxygen content in molten steel. In theory, low oxygen content will be beneficial to improve the alloy yield.
In order to study the relationship between oxygen content and the alloy yield in actual smelting process, this paper statistics alloy element composition by the same alloy charging (the amount of charging alloy are usually the same in the production process) with or without bottom-blowing for different steel grade to reflect difference of the alloying yield, shown as Table 10 . According to the data in the table, the content of Si, Mn and Al is increased before the refining process. The content of Al, as a kind of main deoxidation alloying elements, is obvious increased by the same charging. So EAF bottom-blowing technique reduce oxygen content to improve alloying yield after EAF process, which is beneficial for alloy composition control and cost of alloy charging in refining process.
Conclusions
In this study, a three-dimensional, three-phase numerical model of a commercial 100t EBT electric arc furnace with bottom-blowing was established, and relative industrial application experiments were carried out. As the dead zone mainly appears in the region of the EBT area from previous research, this article study the effect of the molten bath stirring by increasing bottom-blowing gas flow rate in EBT area and the effect of industrial application in the EAF steelmaking process, such as metallurgical indicators, contents of FeO, and endpoint carbon-oxygen equilibrium. The conclusions are as follows: (1) . It can be concluded that the molten bath average fluid flow velocity increases and the dead zone volume decreases with increasing bottom-blowing gas flow rate. steel consumption and tap-to-tap time respectively reduced 3.9 kg/t, 5.3 kg/t and 3.4 min, the contents of FeO is reduced to 23.51%, endpoint carbon-oxygen equilibrium is reduced, and the yield of Si, Mn and Al is increased before the refining process.
